We present diffraction-limited infrared images of three binary stars reconstructed using speckle imaging techniques. Three methods of recovering the objects' Fourier amplitudes are compared, Fourier deconvolution, projection onto convex sets, and CLEAN. The objects' Fourier phases are retrieved via bispectral analysis. We find that the quality of the final reconstructed images is a function of the percentage of the total bispectral volume utilized in the reconstruction procedure.
INTRODUCTION
Labeyrie's speckle interferometry has had much success in recovering diffraction-limited information on astronomical objects in the presence of atmospheric turbulence.' This technique, however, recovers only the object's Fourier amplitudes; the object's Fourier phases are lost. Nevertheless, in the past true images have been reconstructed with amplitude information alone.2 These methods, however, are extremely sensitive to the noise level in the original data. Nowadays a number of techniques exist that have been developed to recover an object's Fourier phases from a set of short exposures, specklegrams.3'4'5 '8 We have implemented the technique of bispectral analysis, originally developed by Weigelt and his collaborators,4'5 in order to retrieve diffraction limited phase information.
To utilize all the information contained in the bispectrum is a computationally intensive problem and requires a large amount of computer memory. This requirement in conjunction with the low signal-to-noise ratio (SNR) typical of optical data sets, for which speckle analysis was onginally developed, led many groups to work with only a limited region of the bispectrum;7'8'9 using only bispectral points near the axes because they have the highest SNR. In the low SNR regime ignoring the off-axis regions is sensible, because these regions contain relatively little useful information. In contrast the infrared speckle data that are presented in this paper have significantly high SNR throughout the bispectral volume. In this paper reconstructions of diffraction limited infrared images are presented, along with the results of an investigation of the relation between the volume the of bispectrum used with the quality of the reconstructed image and the comparison of three methods of amplitude recovery.
OBSERVATIONS
Observations were made at the f/415 Gregorian focus of the Hale 200-inch telescope on Palomar Mountain. The data was obtained with the Palomar infrared camera which contains a Hughes-Santa Barbara Research InSb hybrid array. The array has a rectangular format of 58x62 76 m square pixels on a direct readout multiplexer having two readout amplifiers. Referred to the sky, the pixels are 0.055x0.055 arcsec in size and the array covers a field of 3.2x3.4 arcsec. The direct readout allows for shutterless operation, because, unlike a CCD, carriers are confined to each individual pixel. Each image is read in a raster fashion (see Fig. 1 ) at a rate of 18 psec / pixel. Thus in time, the array is readout from the upper left pixel to the bottom right pixel, proceeding row by row. Since the "even" pixel in a row is read by one amplifier while the adjacent "odd" pixel is simultaneously read by the other amplifier the time to read an entire frame is 32 msec. The fact that the pixels are reset when read gives an almost 100% duty cycle at the expense of a temporal skew in the frame of 32 msec from upper right to lower left. For these observations the frame exposure time was 100 msec and a narrow band filter ( SX/X = .012 ) at 2.2 microns was used. 
Removal of detector artifacts
A worst case example of the raw data is shown in Fig. 2(a) . This clearly demonstrates the need to remove detector induced artifacts; hereafter we will refer to this process as "scrubbing." An estimate of the images' background level is obtained using median filtered exposures of nearby blank sky. This is subtracted from the raw data. The nonuniformity of the pixels' sensitivity is corrected for by flat fielding. The fiat field used is the median filtered sky exposures, from which median filtered dark exposures have been subtracted. The dark exposures are taken with a cold shutter placed in front of the array, thereby measuring the detector's response in the absence of light. Dead pixels in the array, seen as two cracks and a number of individual pixels, and any cosmic ray events are interpolated over using the 8 nearest neighboring pixels. At this stage a ripple across the image becomes visible. This effect shows up clearly as a spike in the power spectrum of blank sky frames (see Fig. 3 ). The cause of this is related to the detector's readout electronic system. Since the array is readout into two channels a two-dimensional image can be decomposed into two one-dimensional time series. The power spectrum of these time series shows one dominant spike at a single temporal frequency, corresponding to 3 Khz. This feature is responsible for the spatial ripple seen in the image. This 3 Khz noise is removed by subtacting the appropriate sinusoid from the two time series, which are then recombined to form the two dimensional image. Currently, only this dominant readout artifact is removed, but as can be seen in Fig. 3 , there are other frequencies that are corrupted at a lower level by the readout electronics. Nevertheless, once this scrubbing procedure is completed the speckle frames are free of detector artifacts down to the 1% level ( Fig. 2 .b). 
Amplitude recovery
Three methods for recovering the amplitudes of the object's complex Fourier spectrum have been compared: Fourier deconvolution,' projection onto convex sets,10 and CLEAN."2 The first method is the most commonly used one and recovers the obect's Fourier amplitudes by division of the ensemble average of the image power spectra, < f J(u) 12> , by the ensemble average of the power spectra of an unresolved source, < P(u) 12>:
This technique has the drawback that the division process is unstable to noise in the calibrator power spectrum and will produce large fluctuations in the resulting spectrum. Because the noise level in a power spectrum tends to increase at higher spatial frequencies, the division estimate becomes poorer at higher spatial frequencies.
Projection onto convex sets is an iterative technique that applies constraints on an initial estimate of the true object's power spectrum, which is obtained by Fourier deconvolution as described above. This method iterates between the power spectrum and its Fourier equivalent, the autocorrelation function (ACF), applying constraints of positiviy and symmetry in both domains. The process proceeds until the changes produced in the power spectrum and ACF are below a set threshold. A more complete description can be found in Ebstein 1987. An equivalent to the Fourier deconvolution may be done in the ACF domain using the CLEAN algorithm, which was originally developed for the deconvolution of the effects of irregular array spacings in aperture synthesis radio maps. CLEAN works by subtracting a fraction of the convolution function (the dirty beam) from the maximum point in the measured function (the dirty map), recording separately the position of the maximum and the amount subtracted. The process is repeated until the maxima in the remaining dirty map .fall into the noise or begin to appear outside the known region of emission. The list of maxima and their accumulated intensities are then convolved with a restoring "CLEAN" beam, and the residuals are added back into the map. In this application of CLEAN, the dirty beam is the ensemble-average calibrator ACF, and the dirty map is the ensemble-average image ACF. The resulting cleaned map is the true object ACF, from which the desired Fourier amplitudes are obtained. Because of the simplicity of the objects' structure, it is possible to identify and characterize the systematic noise effects of the Fourier amplitude recovery processes. The results of the methods discussed above are presented in Fig. 4 . The methods of projection onto convex sets and CLEAN introduce similar levels of noise to the object Fourier amplitudes, but the characteristics of this noise are different. High frequency noise located near the central region of the ACF is the dominant systematic noise effect in the results of both Fourier deconvolution and projection onto convex sets for our data, although the noise in the latter case is at a lower level. In contrast, the dominant systematic noise effect in the AOF recovered using CLEAN appears at low spatial frequencies. This effect is seen as a bowl in the final ACF and is probably due to a mismatch of seeing between the object and calibrator ACF's: this suggests that the dirty beam is not correctly approximated by the calibrator's ACF. Currently, the maximum level of noise is 1/80 of the maximum peak value in the ACF.
Phase recovery
The object's Fourier phases are recovered indirectly by measuring the bispectrum. The bispectrum is a triple product of the Fourier transform of the image measured at three spatial frees4
The crucial point to note is that the three spatial frequencies sum to zero, thereby forming "triangles". The phase of the bispectrum is thus equivalent to the closure phase of radio astronomy.13 '14 123 U1+U2+4-U1-U2
Like the closure phase, the bispectrum phase can be shown to be immune to the type of phase errors introduced by the atmosphere.
As with any real system for taking speckle data, systematic biases are present in the raw data. One source of bias in our system is the detector readout electronics which corrupt certain spatial frequencies. Other sources of bias include telescope aberrations and the wide bandwidth employed. There are a number of procedures to correct for or remove "bad" bispectrum points, which are described in detail in Gorham et al.9 Stationary biases, those that do not change from the time the source is observed to the time the calibrator is observed, that can be described by a transfer function can be corrected by subtracting the bispectrum phase of the calibrator from the image bispectrum phase. For our data, however, most of the biases are not removed by this method. It has proven more effective to remove these biases by eliminating those image bispectrum points for which the calibrator's bispectrum phase is statistically different from zero. This removes both stationary and nonstationary biases. The last step is to exclude image bispectrum points that have SNR < 1.
The bispectrum phases that remain are used to retrieve the object's Fourier phases. Because each bispectrum phase is a linear combination of three object Fourier phases, the measured bispectrum points define an overdetermined set of linear equations. There are two methods to solve for these phases. One technique is to solve for the phases recursively by initializing two of the object Fourier phases and directly solving for the remaining phases via linear combinations.15'16'4 The other approach, which we have chosen, is to solve for the phases by a global least squares fit to the bispectrum.9'14 This method avoids the propagation of errors in solving for the final object Fourier phases.
Image reconstruction
To prepare the final images the Fourier phases and amplitudes are combined and a direct Fourier inversion is preformed. Tciis scheme effectively gives equal weight to the amplitudes and phases. This is not the optimal way to reconstruct images given that the amplitudes and phases are recovered independently and therefore have different final SNR. In the future, we hope to implement a scheme which appropriately weights the amplitudes and phases.
RECOVERED IMAGES
We have successfully reconstructed three binary star images, with 110 milliarcsec resolution (the maximum resolution of our system at 2.2 microns). These images areshown in Fig. 5 -7 and their source parameters are given in Table II . *dynamic range = ratio of the peak value to the highest spurious peak in the final map In all of the reconstructions, the noise is dominated by systematic effects. For SAO 103106 (Fig. 5 ) and SAO 86224 (Fig. 6 ) ghost features appear at the point symmetric location from the secondary component. For the latter case there are also ghosts at the "harmonic" locations. The next significant noise features are artifacts of the amplitude recovery scheme. In the cases of SAO 103106 and SAO 86224, CLEAN was applied, and these images contain low frequency artifacts which appear as a low level bowl as discussed previously. The Fourier amplitudes for BS 8028 were obtained via Fourier deconvolution, and the dominant noise in the reconstructed image is the high frequency noise near the central region. The final type of systematic noise that we have identified is due to residual detector artifacts.
5. DYNAMIC RANGE VS. FRACTION OF BISPECTRAL VOLUME All the infrared data that we have collected has high SNR points throughout its bispectral hypervolume. This is unlike photon-limited optical data for which the bispectrum typically has high SNR points only close to the axes.
We believe that there is valuable information to be gained from the off-axis region of the bispectrum. In order to investigate the useful information content of the off-axis bispectral regions, we examined how the quality of the image changed with the number of bispectrum points used in the reconstruction scheme. We have parameterized the quality of the image by the quantity dynamic range, which we define to be the ratio of the peak value to the highest spurious feature in the final image. We begin by using only the near-axis portion of the bispectrum to solve for the Fourier phases and produce an image. The near-axis bispectrum is obtained by constraining one of the spatial frequencies u1 to be small. In this case u1's threshold is initially set to be one coherence length of the atmosphere, r0 . For our data set r0 is 30 cm, which corresponds to a frequency of three pixels. The number of bispectrum points used in the inversion is then increased by allowing the maximum value of u1 to increase at intervals given by r0 . The results of varying the fraction of the bispectrum used are shown in Fig. 8 , and demonstrate the value of using the off axis regions in the reconstruction procedure. It should be noted that the dynamic range of the image of SAO 103106 is improved by almost a factor of three, although we are still limited by systematics, as is evident in the characteristics of the noise (bowls, ghosts, residual xy artifacts). However, by increasing the bispectrum volume included in the reconstruction these nonphysical artifacts are significantly reduced in size. As a way of estimating the ultimate quality of a reconstructed image, we have examined the background level away from the areas, such as the axes, that contain obvious systematics. Using the highest peak in these blank regions as an estimate of the limiting noise level, the expected dynamic range is about 600:1. We hope to be able to attain this level with more work on understanding the source of the systematics as well as improved reconstruction techniques.
CONCLUSIONS
We have successfully reconstructed three diffraction-limited infrared images of binary objects using bispectral analysis. The dynamic range of these images is approximately 40:1. We have shown that the quality of the reconstructed images improves by increasing the number of bispectrum points used, which indicates that there is indeed valuable information in the off-axis region of the bispectrum in the case of high SNR data. Further improvements in the reconstruction process are necessary to eliminate systematic noise effects. Using the background level to estimate the ultimate limiting noise level, we hope to be able to obtain images with dynamic range of about 600:1.
